] and the three biogenic polyamines putrescine, spermidine, and spermine under physiological conditions has been studied by Raman spectroscopy. The results indicate the formation of highly ordered aggregated structures in solution, largely stabilized by electrostatic attractions, which have been described as cholesteric phases. Aggregation seems to be preceded by a partial B 3 Z conformational transition for spermidine and spermine, which would allow for a deeper oligonucleotidepolyamine interaction. Interaction with the nucleic bases has also been evidenced for aggregates. At low polyamine concentrations the preferential binding sites are similar to those proposed for their interactions with ct-DNA. With increasing the polyamine concentration, the oligonucleotide-polyamine interactions involve both minor and major grooves, which is consistent with the formation of cholesteric phases.
Polyamines spermine, spermidine and putrescine are biogenic low molecular weight molecules essential for all living organisms (1) . They are polycations at physiological pH, playing important roles in cell proliferation and differentiation, etc. (1) (2) (3) (4) . Evidence indicates interaction of polyamines with macromolecules. It has been recently demonstrated that the interaction with DNA is an efficient way of protection from oxidative breaking (5) and radioprotection (6) . The true nature of the polyamine-DNA binding remains, nevertheless, unresolved. While some results lead to nonspecific interactional models based on their electrolytic properties (7, 8) , other authors support that the binding between DNA and biogenic polyamines cannot be successfully explained from the electrostatic attractions solely, but structural specificities have to be taking into account (9) .
For the past years, our laboratory is studying interactions between polyamines and DNA by spectroscopical techniques. In a recent article (10) preferential binding sits have been reported, which discriminate among the nucleic bases present on DNA, as previously suggested (11) . From these results, our attention was focused on analyzing the interaction of the biogenic polyamines with selected oligonucleotide sequences. In this work we present the results with a doublestranded (ds) 15 base complementary sequence containing repetitive G-C pairs. G-C enriched sequences play important roles in gene expression regulation. They have been reported as cis-elements for regulation of promoter activity, splicing mechanisms and translation of messengers (12) (13) (14) (15) . On the other hand, it is known that ds(dG-dC) n oligomers can adopt the lefthanded Z conformation in both crystals and solutions (16, 17) . Although this phenomenon has been further observed with different oligonucleotide sequences, containing adenine and thymine bases, the G-C sequences are always predominant (18) . The Z conformation has been detected with anti-Z-DNA-antibodies in many living organisms (19) , the main factors that provoke a B 3 Z transition being the increase of the salt concentration and the presence of multivalent cations. As a noticeable fact, short ds(dG-dC) n sequences inserted in highly polymerized B-DNA have been proved to undergo B 3 Z transitions in presence of biogenic polyamines spermine and spermidine (20) . In addition, intermediate B-Z conformations have been suggested by several authors (21, 22) .
Conformational transitions have been also related with the formation of DNA aggregate formation in the presence of cations such as sodium acetate (23) , poly-L-lysine (24) or polyamines (25, 26) . The formation of highly ordered structures by addition of multivalent cations, both polymers and small molecules (27, 28) , has been related with the DNA packaging within the cell, and it can be very useful to explain the DNA arrangement in chromosomes. The term adopted for this conformation has been ⌿-DNA, where the Greek letter PSI comes form the initials of "Polymer and Salt Induced" (29) . One of its more outstanding characteristics is an unusual enhancement of the circular dischroism (CD) spectrum (30) . This fact has been explained as DNA adopts a cholesteric-like liquid-crystal arrangement (31) , where multications have a high degree of mobility along the strands; as a consequence, dramatic decreases of the coulombic repulsive forces between the DNA-strands are reached, and the macromolecules can collapse in toroidal or spherical conformations depending on the DNA size (32) . Although the effects of charge neutralization play an important role in the ⌿-DNA formation in presence of polycations, a high degree of structural specifity has been reported by several authors (33, 34) . On the other hand, it has been suggested that B-DNA aggregation could be preceded by a cooperative conformational change to a Z-form (23) , which would be modulated by factors as DNA strand length or salt concentration. Our results on the 7 ] provide Raman evidences of the formation of aggregated states in presence of polyamines, which would be preceded by a partial B 3 Z transition. We will describe the influence of polyamine charge and concentration in these phenomena. Our Raman data will allow us also to propose the existence of specific base-polyamine interactions. 7 ], were synthesized by Pharmacia-Biotech (Sweden). Two different denaturing conditions previous to the ds formation were assayed: either heating at 95°C for 10 min in 20 mM Tris-HCl and 200 mM NaCl (pH 7.5), or boiling at 100°C for 10 min in 20 mM Tris-HCl (pH 7.5). To evaluate ds yield obtained by using each denaturing protocol, we carried out the following experiment. We used the d[G (CG 7 ] oligonucleotide labelled at its 5Ј-end with 32 P by the polynucleotide kinase activity (35) . The d[C(GC) 7 ] oligonucleotide was not labelled. After denaturation of both single-stranded (ss) oligomers by a same protocol, they were mixed at the same concentrations, and ds was allowed to proceed at room temperature for 2 h. PAGE electrophoresis under nondenaturing conditions (15%, TBE buffer, 4°C) revealed very similar relative intensities of labelled ds band with respect to ss bands between samples denatured by both procedures. In addition, whatever denaturing procedure had been used, the presence of the cold 15-mer in the assay reduced in the same extent the radioactive signal corresponding to a ds band, when compared with control lanes from experiments in which the cold oligonucleotide had been absent. Thus, we conclude that, for this short oligoGCs, there is no significant difference in interstrand dimerization between samples submitted to both denaturing conditions. Since previous studies with genomic DNA were carried out at 200 mM NaCl concentration (10) , this saline concentration was used for every procedure during the present study.
MATERIALS AND METHODS

Chemicals
Aliquots 7 ] 120 mM (phosphate) were stored at a temperature of Ϫ20°C until recording the spectra. Polyamines (spermine, spermidine and putrescine) as polyhydrochlorides were purchased from Sigma Chemical Co. Polyamine solutions were prepared using as the solvent the same Tris buffer as for the oligonucleotide. Polyamine-oligonucleotide complexes were prepared just recording the Raman spectra by mixing 1.5 l of each polyamine solution with 1.5 l of the oligonucleotide solution, thus obtaining 3 7 ] at different polyamine concentrations. Solutions at the same oligonucleotide concentration using Tris-D 2 O buffer were also prepared.
Raman spectroscopy. Fourier transform (FT) Raman spectra were recorded at room temperature in a Bruker Equinox 55 Fourier transform spectrometer. Spectra were obtained using excitation radiation wavenumber at 1064 nm from a Nd-YAG laser working at 500 mW and a germanium diode detector cooled with liquid nitrogen. Three microliters of each solution were introduced in a 0.8-mm-diameter capillary. The capillary was then placed into a spherical cuvette of 10 mm diameter, made of sapphire, with reflecting internal surface. Thus, the laser beam within the cuvette passes several times through the sample due to multiple reflexions. This makes possible to record good quality spectra from very low volume liquids. A minimum of 2000 scans were accumulated in all the cases to enhance the signal-to-noise ratios. No local heating was detected during the recording, as deduced by comparing accumulations from different times. Individual scans were examined by the recording routine, being automatically discarded when the mean intensity deviations were greater than 12.5% over the full interferogram length. This procedure prevents artifacts in the resulting spectra prior averaging, and was performed at least with two independently prepared samples for each concentration. To discuss the Raman peaks, the following criteria were adopted: (i) peaks must appear with the same wavenumber and intensity in spectra of independent samples; (ii) peaks must exhibit an intensity clearly greater than the experimental noise level; and (iii) peaks should be previously reported and assigned in the literature. Spectral treatment was performed by using the Bruker OPUS spectroscopic software. All the Raman spectra were normalized to the intense sapphire band at 644 cm Ϫ1 . Difference spectra were computed by subtracting the sum of the 7 ] and polyamine spectra from the corresponding experimental spectra of the complexes, each of them previously normalized. This procedure has two main consequences: to prevent from baseline effects on the difference spectra and to establish a suitable criterium for measuring the positive and negative difference bands. We have employed the following criteria to discuss the Raman difference spectra: (i) the difference bands should exhibit an intensity ratio at least twice the noise level; (ii) the difference features must be structurally interpretable; and (iii) the difference features must be reproducible for independently prepared samples. In addition, conclusions should be confirmed by both H 2 O and D 2 O solutions.
RESULTS AND DISCUSSION
The Raman spectra of 7 ] solutions in both normal and heavy water are shown in Fig.  2 . The spectra of the polyamine-oligonucleotide solutions, at different polyamine concentrations, are displayed in Figs. 2-4 for spermine, spermidine and putrescine, respectively; relevant bands for discussing have been labelled. Different concentration ranges have been selected for the biogenic polyamines in order to avoid precipitation (25) . Concentrations from 1 to 25 mM were studied for spermine due to its high molecular charge (ϩ4). For spermidine (ϩ3) and putrescine (ϩ2), concentrations up to 75 mM were studied without observing precipitation phenomena under our experimental settings. These ranges are physiologically jus-tified since millimolar concentrations of polyamines have been found in the nucleous of eucaryotic cells (36) . The Raman difference spectra for the solutions at the highest polyamine concentration each are displayed in Figs. 5 and 6 for H 2 O and D 2 O solutions, respectively.
The Raman spectra of poly-ds(dG-dC) n were studied by Benevides and Thomas (37) , who reported spectra of both B and Z conformations in solution of H 2 O and (Fig. 1 ) are fully compatible with those reported for the B-form polymer (37) . The spectrum in normal water is clearly dominated by the guanine aromatic stretching bands at 1577 and 1488 cm Ϫ1 , the phosphodioxy band at 1092 cm Ϫ1 and the phosphodiester band at 784 cm Ϫ1 . Other characteristic Raman bands for structural analysis have been measured at 1608 cm Ϫ1 (cytosine), 1420 cm
Ϫ1
(methylene bending), 1362 cm Ϫ1 (guanine) and 828 cm Ϫ1 (phosphodiester) (37, 38) . Concerning the Raman spectrum in D 2 O, we expect a general shift downward of the observed bands. However, an exact correlation between the vibrational wavenumbers of the deuterated and the nondeuterated samples cannot be performed for a complex molecule such as this oligonucleotide. This means that close Raman bands can correspond to different normal modes, so some shifts to higher wavenumbers could be observed upon deuteration. This is the case of the band at 1577 cm Ϫ1 in H 2 O, which appears at 1579 cm Ϫ1 in D 2 O. Assignments are, nevertheless, related with the main vibrational coordinate contribution, so we have maintained the same assignment for near bands of both H 2 O and D 2 O solutions. We would like to emphasize that the O-P-O band undergoes broadening upon deuteration. As described (37) , the spectral pattern of the band at 784 cm Ϫ1 in H 2 O is the sum of two components: the phosphodiester symmetric streching vibration and a cytosine bending mode. Since the O-P-O contribution has a greater intensity, the measured wavenumber for the maximum is usually assigned as a phosphodiester vibration. Under deuteration, only the cytosine band shifts appreciably to a greater wavenumber, appearing as a weak shoulder of the main component at 774 cm Ϫ1 . Table 1  summarizes the observed wavenumbers and proposed  assignments of 
As regarding the Fig. 2a , corresponding to spermineoligonucleotide solutions in H 2 O, a noteworthy decrease for most of the oligonucleotide Raman bands appears when the polyamine concentration increases. It can be observed from the comparison between the oligonucleotide bands and either those of sapphire cell at 1510 and 750 cm Ϫ1 , or the broad strong solvent band about 1640 cm Ϫ1 . This phenomenon reaches a maximum at the highest spermine concentration studied (25 mM), it is to say, just before the oligonucleotide collapse. The Raman spectra of spermine-oligonucleotide solutions in D 2 O, Fig. 2b confirm this trend, in spite of the aforementioned broadening of the band at 774 cm Ϫ1 . The term that has been adopted for this decreasing is Raman hypochromism (39, 40) , and it is provoked by the base unstaking and unpairing as demonstrated by DNA thermal denaturation experiments followed by Raman spectroscopy (41) . In our experiments, Raman hypochromism has been mainly observed for the base and phosphate vibrations, which can be successfully explained as originated from the formation of an aggregated state in solution, in which polyanions (the 15-mer oligonucleotide) and polycations (the polyamines) dispose alternatively in a highly packaged structure similarly to a liquid crystal (42, 43) . Aggregation would increase the inter-strand attractions connecting the negative phosphodioxy groups across polyamine positive charges. Consequently, valence electrons of both bases and phosphates moieties would be more strongly attached to the bond regions, thus decreasing their polarizabilities, giving rise to Raman hypochromism for the corresponding bands.
If we compare hypochromism induced by the three polyamines, we can evidence that both polycation charge and concentration favour aggregation. As regarding the comparison between phosphodioxy stretching Raman band, measured at 784 and 774 cm Ϫ1 for H 2 O and D 2 O solutions, respectively, and the sapphire band at 750 cm Ϫ1 , we can see that, at identical concentration, spermidine is more efficient than putrescine in inducing aggregation, while spermine aggregates similarly at a concentration three times lower than spermidine. Experimental evidences have been reported about the difficulty of divalent cations to provoke DNA aggregation or condensation (28) . This is the case of putrescine. However, Bustamante et al. have studied by CD the relationship between DNA sonication times and the formation of aggregates (44) . They have shown that the DNA folding increases when decreasing size. In other words, small oligonucleotide chains should aggregate better than highly polymerized DNA. This assert agrees with our previous results on DNAputrescine complexes (10), for which Raman hypochromism was not observed under identical experimental settings. On the other hand, the electrostatic requirement that 88 -90% of the DNA negative charge must be neutralized before aggregation occurs (45) BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS that this oligonucleotide could undergo to an aggregate state at a high putrescine concentration. 7 ]-polyamine solutions also exhibit some wavenumber shifts which can be analyzed in order to give a molecular interpretation of the cholesteric phases in solution. Let us start by the spermine-olignucleotide interaction. The Raman spectrum of 25 mM spermine solution in H 2 O (Fig.  2a) exhibits wavenumber shifts for the bands at 1608 cm Ϫ1 , cytosine-O2, minor groove (38, 46) , and 1488 cm Ϫ1 , guanine-N7, major groove (38, 47) . As regarding the molecular structure of an alternating guaninecytosine oligodeoxyribonucleotide, these atoms are the preferential reactive site at their respective grooves, because they are not involved in the Watson-Crick network of base pairing, indicating that spermine interacts by both minor and major oligonucleotide grooves in the aggregated structure. A second putative site of interaction at the minor groove is the guanine-N3 atom, which has been largely related with the Raman band at 1577 cm Ϫ1 (46, 48) . However, it does not appreciably shift upon spermine addition, which supports that interaction at the minor groove preferently involves to the cytosine-O2 atoms, which are free from steric hindrances, contrarily to guanine-N3 positions, which are hindered by the guanine-C2 attached amino groups. Concerning the major groove, the observed shifts for guanine Raman bands at 1362 and 1317 cm Ϫ1 (37, 38) also support spermine-oligonucleotide contacts by this base residues. Raman data deal, therefore, oligonucleotidespermine aggregates where interactions preferently occur by guanine residues at the major groove and by cytosine residues at the minor groove. The Raman band at 1460 cm Ϫ1 has been assigned to a deoxyribose vibration (49) . Although it seems to shifts noticeably when spermine is added, this is mainly due to the polyamine methylene bending vibrations, which give rise to two Raman bands, namely at 1452 and 1471 cm Ϫ1 for spermine (10) . They are overlapped to the deoxyribose band, having negligible effects at lower spermine concentrations. The phosphodioxy (PO 2 Ϫ ) Ϫ1 (cytosine) support interaction by both oligonucleotide grooves in the aggregated structure. Other similarities respect to the solution in H 2 O have been observed for the deoxyribose backbone band at 1466 cm Ϫ1 and the phosphate moiety vibrations. In relation to the two component band with a maximum at 774 cm Ϫ1 , both the Raman spectrum and the Raman difference spectrum at 25 mM spermine indicate a slight shift upwards of the component at a higher wavenumber. This peak has been assigned to a cytosine vibration, as mentioned before.
Raman spectra of d[G(CG) 7 ] ⅐ d[C(GC)
The results discussed above are supported by the Raman difference spectra for both H 2 O and D 2 O solutions of oligonucleotide-spermine (25 mM) (Figs. 5 and 6, respectively). As a general trend, these spectra exhibit negative bands for the most of base and phosphate vibrations. The negative features at 1486 and 1575 cm Ϫ1 , measured in the difference spectra in H 2 O, have been assigned to interaction with guanine bases at the N7 (major groove) and N3 (minor groove) sites, respectively. They are supported by the bands at 1482 and 1576 cm Ϫ1 of the difference spectrum in D 2 O. In addition, the negative feature at 1604 cm Ϫ1 has been assigned to interaction with cytosine CAO2 groups. The interaction with the cytosine residues is also supported by the features measured at 1177 and 1180 cm Ϫ1 for differences from H 2 O and D 2 O solutions, respectively.
Although correlations between aggregates and DNA conformation are not necessary (23, 51-53), the B 3 Z transition has been observed just before DNA folding to a condensed phase (23, 54) . On the other hand it is known the strong tendency of Z-DNA to selfassociation (18) . The Z-form lacks the DNA major groove respect to the B-form, thus enhancing the binding possibilities with reactive sites of the bases. Although the conformational effects are not as evident in a short oligonucleotide as for a polynucleotide, the Ra- 7 ]-spermine (25 mM) solutions exhibit some evidences of a partial B 3 Z conformational transition. Thus, the difference spectra from both H 2 O and D 2 O solutions show negative fea- 7 ] is no longer exclusively in the B-form, but significant concentrations of Z-form are present (37, 38) . This assert is also supported by the fact that up to 40% of Z-DNA does not appreciably modify the characteristical B-form Raman spectrum (55, 59) .
spermine solutions at polyamine concentrations lower than 25 mM do not show clear evidence of aggregated structures. Thomas et al. (60) have studied by CD spectroscopy the polyamine-induced conformational changes on an oligonucleotide with the estrogen response element, demonstrating that aggregation occurs from a 1:7.5 molar ratio of phosphate to spermine for micromolar concentrations of the oligonucleotide. Our Raman results indicate aggregation from a 1:0.25 molar ratio working with milimolar oligonucleotide solutions, what demonstrates that higher DNA/ oligonucleotide concentrations require lower spermine/ DNA molar ratios to provoke aggregation. On the other hand, the changes observed in the Raman spectra at spermine concentrations lower than 25 mM suggest a oligonucleotide-polyamine interaction similar to that proposed for calf-thymus (ct) DNA and spermine (10 7 ]-spermine interaction in which the polyamine is placed across the oligonucleotide major groove by means of interaction of the positively charged spermine moieties largely with the phosphodioxy and the guanine-N7 sites. We would like to emphasize that aggregation was not observed for ct-DNA up to the DNA precipitation threshold (about 10 mM for 60 mM DNA phosphate concentration). The difficulties of highly polymerized DNA chains to form cholesteric phases have also been evidenced in our laboratory by CD spectroscopy, even at micromolar concentration.
As aforementioned, the difference Raman spectrum of the oligonucleotide-spermidine (75 mM) solution also exhibit negative features for the most of phosphate and base bands, thus supporting the formation of an aggregated structure. (Fig. 3 ) indicate some similarities with those observed for spermine. At low spermidine concentrations, preferential binds by the minor groove are mainly supported by the cytosine-O2 band at 1608 cm Ϫ1 , which shifts upwards by 4 cm Ϫ1 , and the guanine-N7 band at 1488 cm Ϫ1 , which remains unshifted. However, upon aggregation, these two Raman bands exhibit isotopic shifts. We therefore postulate a similar spermidine-oligonucleotide interaction, at low polyamine concentrations, to that proposed for ct-DNA (10), while the spermidine induced aggregated 7 ] involve interactions by both minor and major grooves, as proposed for spermine. This hypothesis is supported by correlating the spectral features measured in the difference spectra of the polyamines at the highest concentrations studied each (Figs. 5 and 6 ). Evidences of a partial B 3 Z conformational transition can be also inferred from the positive bands at 1433 and 812 cm Ϫ1 , the negative feature at 681 cm Ϫ1 , measured in the difference Raman spectra in H 2 O and confirmed from the D 2 O solution, joint to the decreasing of the band at 1362 cm Ϫ1 . The Raman spectra at low putrescine concentrations (Fig. 4) do not show appreciable differences, in both H 2 O and D 2 O solutions, respect to the spectra of the oligonucleotide alone (Fig. 1) . When increasing the polyamine concentration the more significant deviations involve the bands at 1317 (guanine) and 1180 (cytosine) cm Ϫ1 in H 2 O, which are confirmed from the spectra in D 2 O. As mentioned above, aggregation is not clearly evidenced for this polyamine, which is a divalent cation at physiological pH. This conclusion agrees with the study of Thomas et al. (60) , in which putrescine is demonstrated to be unable to induce conformational effects or aggregation on a short oligonucleotide at polyamine concentrations from 0.5 to 50 mM.
In summary, our studies by Raman spectroscopy demonstrate the capability of spermine and spermidine to induce the formation of aggregated structures in a double-stranded C-G alternating 15-mer oligodeoxynucleotide, just before the precipitation threshold. This phenomenon could be preceded by a partial change of the oligonucleotide to the left-handed Z conformation. The influence of modulation of DNA conformation in gene regulation by polyamines has been demonstrated (60) . The effect of the molecular charge in the structure of a short DNA oligomer has been evidenced from the divalent cation putrescine is not as efficient as the other polyamines to induce aggregation up to a concentration 75 mM, for which the positive charge added is 1.5 times higher than for spermine 25 mM. In addition, the difference Raman spectra have allowed us to analyze the polyamine-oligonucleotide interaction at a molecular level. At low polyamine concentrations the preferential binding sites are similar to those proposed for their interactions with ct-DNA (10) . With increasing the polyamine concentration the oligonucleotide-polyamine interaction involve both minor and major, which is consistent with the formation of a cholesteric phase.
